Electron-beam exposed hydrogen silsesquioxane cross-linking chemistry is investigated by Scanning Transmission X-ray Microscopy (STXM) and Atomic Force Microscopy (AFM). Using STXM, a maximum in the chemical contrast is obtained by measuring the x-ray absorption at 534.5 eV, corresponding to the 1s K-edge transition in oxygen. An area-dependent and dose-dependent chemical conversion is observed for feature sizes between 150 nm and 10 μm and doses between 0.4 mC and 40 mC. The activated (cross-linked) regions extend beyond the exposure zones, especially for higher dosed exposures. With AFM, density changes in the latent images (e-beam exposed but undeveloped) are observed, which also display a dependence on exposed area.
I. Introduction
Since its initial discovery as a high-resolution negative-tone electron-beam resist, 1 hydrogen silsesquioxane (HSQ) has become popular for direct-write e-beam, 2,3-5 extreme ultraviolet (EUV), 6 and nanoimprint lithographic applications. 7, 8 HSQ is attractive as a resist for a variety of reasons including demonstrated high-resolution down to 12.5 nm half-pitch gratings 5 with a sensitivity comparable to Zeon corporation's ZEP-520 or polymethyl methacralate (PMMA). In addition HSQ exhibits excellent dry etch pattern transfer characteristics, especially for bi-layer applications using oxygen plasma chemistry, 5, 8, 9 because it undergoes further curing in that environment. 10 HSQ was initially studied and marketed by Dow Corning as a spin-on Inter-Layer Dielectric (ILD) material, FOx®. In addition to a low dielectric constant, it has excellent planarization and gapfill characteristics. The thermal curing of HSQ from its as-spun state to a form suitable for Si device integration has been studied extensively. 11 The dielectric constant is sensitive to the final cured structure, which is in turn determined by the ambient bake conditions, temperature cycling, and presence of moisture.
The fully condensed HSQ structure has a formula of (HSiO 3/2 ) n . 12, 13 For n = 8 the proposed structure is cubic with silicon at the corners and every silicon bound to 3 oxygens and a single hydrogen. The cured structure is described as a network structure, which, under typical curing conditions, leads to an increase in the Si-O to Si-H bond ratio. 11 The mechanism leading to dissolution contrast after e-beam exposure is not yet clear. Based on FTIR investigations, Namatsu et. al. 1 speculated that contrast is achieved in a two step mechanism. Initially Si-H bonds are broken to form radical sites. Then, radical sites on neighboring cages become bridged with oxygen in the presence of absorbed water. This is a reasonable assumption; hydroxide is known to be an effective catalyst for the oxidation of Si-H to Si-OH by water, and protons, hydroxide, or traces of water are known to be involved as reactants or catalysts in many polymer reactions. However, this is not the complete picture. Since Namatsu's initial work, 1 a number of authors have noted a degree of instability and irreproducibility in this material. 9, 14, 15 Interestingly it also appears that the e-beam exposure sensitivity of HSQ to e-beam exposure exhibits a dependence on the area exposed. 15 Recently, scanning transmission x-ray microscopy (STXM) was used to investigate the spatial distribution of the deprotection reaction occurring in a typical chemically amplified resist. 16 This analysis technique measures the reaction zone with chemical specificity and high spatial resolution (~35 nm). In this paper, we employ the same STXM techniques in combination with AFM studies of the e-beam exposed latent image to elucidate the details of the chemistry and possible area dependence of the sensitivity that occurs during electron-beam exposure of HSQ. These x-ray chemical imaging studies show that chemical changes occur over micron length scales outside the exposed area and atomic force microscopy investigations indicate that density changes in the exposed film may also play a role. We speculate that diffusion of reactants catalyze changes in both the chemistry and the sensitivity to exposure, both inside and outside the exposed regions.
II. STXM Background
The details of the STXM technique as applied to resist studies have been described elsewhere. 16 Briefly, synchrotron-generated soft x-rays are monochromated and focused to a diffraction-limited spot (in this case 35 nm FWHM) by a Fresnel zone plate. Images are obtained by measuring the intensity of the transmitted x-rays as the HSQ sample is raster-scanned through the focused beam. Spectra can be recorded at multiple photon energies to interrogate several atomic transitions in the sample. Sharp spectral features are observed close to the absorption edge of specific elements, referred to as "near edge x-ray absorption fine structure."is converted to optical density (OD) and is sensitive to the sample thickness, density, and composition according to the following equation:
Where I o is the incident photon flux intensity, σ the linear absorption coefficient of the film, t the thickness, μ the mass absorption coefficient and ρ the density. If plotting absorbance, the sign is positive, if plotting transmittance, the sign is negative. If the absorption is too low (sample too thin) the signal may be lost in the noise. If the absorption is too high, the signal can lose quantitative accuracy. Optimally, the OD should be between 0.1 to 3. A sample thickness of 250 nm was chosen to optimize the absorption at the oxygen edge at values below an OD of 1. To emphasize the contrast between the e-beam exposed and unexposed regions, where indicated, images are plotted with the natural logarithm of the ratio of the exposed region as I and the unexposed region as I o , analogous to Eqn. 1, where the changes in the mass absorption coefficient, density, and thickess are probed. This permits a quantitative determination of the empirical change in transmission between the exposed and unexposed regions.
The STXM at beamline 11.0.2 of the Advanced Light Source is used for these experiments.
This is an undulator beamline optimized for an energy range from 200 to 1900 eV which covers the O 1s, and Si 1s absorption edges. All experiments reported here are performed at the oxygen absorption edge, although chemical contrast is also observed on the silicon edge. The ambient atmosphere in the STXM used in these experiments is ~ 300 Torr of He. HSQ is sensitive to exposure to x-rays. Even with very low fluxes and short dwell times, some contrast is always observed between the regions exposed to x-rays for STXM imaging and unexposed regions. To minimize x-ray exposure during image acquisition, images are normally measured at only 1 to 4
wavelengths. For acquisition of the spectra that requires x-ray exposure at many wavelengths, a defocused beam is used.
III. HSQ preparation
As STXM is a transmission technique, samples are prepared on 100 nm thick silicon nitride membranes. First, a grid with metal alignment markers is prepared on the membranes. These Tapping mode AFM measurements (Digital Instruments 3100, standard silicon tips) of the latent images are taken from the samples prepared for STXM and also from 250 nm thick exposed HSQ films prepared on bare Silicon wafers.
IV. STXM results Figure 1 compares NEXAFS data at the oxygen edge from an e-beam exposed area and an unexposed region of the same sample. Spectral features in this energy region arise from the excitation of an oxygen 1s electron. The spectrum from the region that has not been e-beam exposed displays a distinct narrow peak at 535.8 eV and a second, broader peak at 539 eV. In the spectrum of the e-beam exposed material the first peak is absent, while the second peak appears to have broadened significantly. These subtle changes in the NEXAFS spectra can be used to determine the x-ray energies where the largest contrast occurs between the e-beam exposed and unexposed samples. To obtain an OD difference spectra ( contrast can be seen and the exposed region of the image is less transmissive, represented by lighter features on a darker background (I unexposed > I exposed ), and the counterintuitive light versus dark is simply due to the negative sign in front of the natural logarithm. At 534.4 (Fig. 2C ) the exposed region is more transmissive, represented by darker features on a lighter background (I unexposed > I exposed ). Finally, at 537.2 (D), the exposed region in the image is again less transmissive. This type of data should quantitatively provide the change in OD at each energy between the exposed and unexposed regions. Noting that the HSQ can be damaged under soft x-ray exposure, all subsequent data are taken at a single energy, 534.4 eV, which is at a contrast maximum in the exposed versus unexposed spectra. This appearance of chemical contrast in the background is also observed with soft x-ray exposure of unbaked HSQ (spun-on but not thermal treatment). Squares (0.5 μm x 0.5 μm) were xray exposed in the STXM with increasing dwell time (dose) and then reimaged at 535.4 eV. As shown in Fig. 4 , the appearance of chemical contrast is evident outside the regions of the exposed squares, which are drawn in for a visual aid.
To identify the mechanism for the background cross-linking, we consider several factors.
Potential causes of the background chemical contrast could be backscattered electrons, heating, or diffusion of chemicals beyond the exposed the reaction front. For these experiments, the HSQ films are exposed on thin silicon nitride membranes. Under these conditions backscatter from 100 keV electrons is negligible. In addition, the background reaction is observed under STXM exposure where there should be no e-beam backscatter effects. Beam heating can also be ruled out because the film is thin. For these films, the temperature rise due to heat deposition from the electron beam is significantly less than one degree (see calculation Appendix I).
We speculate that diffusion of the exposure-initiated radicals and reaction products beyond the exposed region is the most likely cause for the chemical conversion of the HSQ outside the exposed area. Thermal desorption spectroscopy during conventional thermal curing of HSQ 20 indicates that the reaction products are water, hydrogen molecules or atoms, and silane or their intermediates. As silane removal occurs at much higher temperatures, ~500 o C, we focus on hydrogen and water here.
There is a strong interplay between hydrogen pretreatments and hydroxyl bond formation in both silsesquioxane and silica materials. Water absorption is a concern with silsesquioxanes used as low-k dielectrics because it raises the dielectric constant by providing a permanent dipole. Typical moisture uptake values in HSQ are give as 2.2% although the absorption can vary strongly based on porosity. 11 The curing mechanism is also important as cures that form a greater number of hydrophilic Si-OH bonds can cause more water uptake. In addition, higher water content results in a lower thermal stability. 11 Liu and Change, et al. studied the effects of hydrogen treatment on HSQ. 21 HSQ treated to H 2 plasma has reduced dielectric constants and leakage currents presumably because dangling bonds are passivated by H atoms and cannot react as easily with moisture. This is consistent with studies of optical absorption losses in silica fibers where the presence of Si-OH can increase absorption losses after radiation damage while hydrogen gas treatment can mitigate the effects of gamma radiation damage. 22 Hydrogen atoms have been observed by electron paramagnetic resonance, presumably caged in HSQ polymers under some conditions.
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Based on these studies, we suspect that water, hydroxyl, and/or hydrogen molecule or hydrogen atom reaction products, formed as a result of e-beam exposure, play a large role in partially chemically reacting the unexposed region. It is possible that some radical or atom products diffuse through the HSQ matrix and propagate the reaction front. However, due to the complexity of the interplay between the products and the polymerization reactions, the exact mechanism remains unclear. Figure 5 shows a plot of |-ln(I exposed /I unexposed )| vs. dose for a number of exposed feature sizes and spacings obtained by STXM imaging at 535.4 eV. For the identical dose, the change in OD increases with increasing feature size, demonstrating an area-dependent chemical conversion of the ebeam exposed material. The diffusion of "products" could easily give rise to an area-dependent dose because the chemical reactions in areas adjacent to previously exposed area would be expected to change with increasing reaction "product" concentration, which in turn is area dependent. Depending on the diffusion coefficient, pattern area, exposure density, fill direction, current and dose, reactant products can diffuse and chemically alter areas adjacent to the exposed area. Zhao et al. measured a diffusion coefficient of water in HSQ cured at 300ºC in N 2 as 3.61 x 10 -10 cm too slow to alter the chemical sensitivity prior to e-beam exposure. For example, the time required to write a 1 μm x 10 μm area exposed at 1000 mC/cm 2 is 200 ms while the diffusion length in 200 ms is only 32 nm. However, we expect the partially cured HSQ, which has a lower density, may allow much faster diffusion. In addition, the diffusion of the relevant species may be significantly different in the e-beam exposed materials than in the samples of Zhao et al. In any case, the measurement of Zhao et al. provides a lower bound on potential diffusion coefficients for water in HSQ.
V. Atomic Force Microscopy Results
Atomic Force microscopy measurements of latent e-beam exposed features show a change in HSQ density with dose that is also dependent on the exposed feature size (Fig. 6 ). This graph is data taken on a 250 nm thick HSQ film on plain silicon wafers (features are spaced far enough apart to avoid backscatter exposure from neighboring features). Generally, as the dose is increased, the change in feature thickness relative to background first increases at low dose, goes through zero as the dose continues to increase, and then decreases in thickness as the dose is increased further. The smallest features do not achieve the same magnitude of thickness changes observed with the larger features.
This may be in part due to mechanical constraints and stress. However, the results may be important in the context of product diffusion playing a role in the chemical conversion of the HSQ. Obviously this deserves careful attention in further studies of the HSQ exposure mechanism.
Not only were these thickness changes observed on Si wafers, but also on HSQ exposed on silicon nitride membranes. On the membrane, the same thickness trends were observed with increasing dose (first a positive thickness change, then through zero, and then a negative thickness change). However, as dose approached 40 mC/cm 2 , the thickness again started to increase. It is unclear why the trends differed slightly with different substrates but we plan future investigations on HSQ substrate interactions. There are several fine features associated with the 10 μm square exposure. There is an increase in thickness, relative to background, outside the 10 μm exposed area that extends approximately 1 μm (labeled (a) in the line scan under Fig. 7A ). Similar to the OD background rise observed with the STXM, this can be indicative of film changes outside the exposed region. In this case, however, it may also be related to mechanical stress.
Also noteworthy are the various thickness changes within the 10 μm exposed area itself.
The four shapes that construct the overall 10 μm square are sub-shapes defined by the exposure algorithm. Each sub-shape is defined by a "spiral in" scan of the e-beam. The "X" that is visible in the middle of the largest sub-shape is an artifact of this spiral in ((b)) in Fig. 7A ). Errors in placement as the beam turns the corners results in slightly lower doses that correspond to lower dose relative to background along the "X." In the adjacent rectangular minor fields, this artifact results in a line down the center of the feature ((c) in Fig. 7A) . The boundary between sub-shapes is also visible ((d) in Fig. 7 ) and is indicative of an error in alignment between irradiated shapes. Here the effective dose is less and the thickness is higher than background. Finally, it is important to notice the relative thicknesses of the sub-shapes. There are real thickness differences in the features that translate to the developed samples (Fig. 7B) . Based on the measured density changes on silicon, the smaller sub-shapes appear to have less effective dose than the largest sub-shape. However, this is somewhat confused by the additional density changes found for HSQ on the silicon nitride membranes.
VI. Dissolution Contrast and Optical Density Fig. 8 plots the SXTM measurements of |-ln(I exposed /I unexposed | of the exposed lines and background between the exposed lines . Insets show AFM images of the same sample developed after STXM imaging. Interestingly enough, the same optical density signal in the exposed lines and background has different heights and thus dissolution rates. The features with ~20 mOD (Fig. 8A) resulted in a 159 nm thick HSQ lines whereas the background between the lines with an ~40 mOD (areas between lines with very high exposure dose, Fig. 8B ) left material 60 nm thick. We can conclude that the STXM data, which was taken at only one X-ray energy, does not definitively determine the chemistry responsible for the dissolution contrast. This is not suprising because the STXM images were taken to maximize contrast and not to monitor the change in a specific peak.
Future experiments are underway to correlate the full NEXAFS spectra for HSQ samples and with
Fourier transform infrared spectroscopy and dissolution data.
VII. Summary
In this study, we have used STXM and AFM to investigate e-beam and EUV exposure of hydrogen silsesquioxane films. We observed chemical contrast both in the exposed and the unexposed regions implying that the exposure reaction is not spatially contained. Using both the STXM technique and AFM, we obtained results that show area-dependent changes in the exposed films. With STXM, the OD change for larger features was much greater than for smaller features and with AFM, the thickness changes were more significant for larger features than smaller features.
In addition, we observed by STXM that chemical changes with dose continue long after dissolution contrast saturates and that the background doses increase proportionally. Fortunately, AFM studies of developed features show that the background regions between features have higher dissolution rates than exposed features even with the same or lower optical densities (measured at 535.4 eV). This demonstrates that the directly exposed and background regions are chemically different.
From this preliminary study, we speculate that the reactants from the exposure are diffusing and chemically altering neighboring regions. This changes the sensitivity of nearby regions and gives rise to an area dependence of sensitivity. However, this is a difficult and dynamic problem as chemistry and density are changing simultaneously. Exposed feature size, proximity, dose, bias (coding of features different than the desired feature), and arrangement of exposure are all important variables that can affect the concentration of reactants and can result in pattern dependent sensitivity.
Small area exposures, low doses and thin films should mitigate the destabilizing effects of diffusing species.
Studies are underway to extract full NEXAFS spectra of the exposed, unexposed, and chemically altered background HSQ material and to correlate this information to the localized bonding environment with FTIR. In addition, we are exploring the addition of reactant scavenging thin films and additives. With this information, we will be on our way to understanding the radiation and thermal chemistry of HSQ and thus be able to exploit the full potential of this inorganic resist material and interlayer dielectric. Where E 0 is the beam energy, B is the relativistic velocity correction, Z is atomic number, A is atomic weight, ε 0 is the permitivity of free space, e is the charge on an electron, and N a is Avagadro's number. For both HSQ and SiN, the average Z is 10 and A is 0.02 kg, and
The thin plating base contibute insignificantly to the heat deposition.
The power injected by the beam into the film is
Where P is power, I is the beam current, t is film thickness, and ρ is film density. As thermal conductivity is much higher in the nitride compared to HSQ (30 W/mK vs 0.1 to 1 W/mK), we assume a model where the underlying nitride acts as a thermal short to the room-temperature silicon supports. In addition, we assume the power from the beam is deposited into the entire exposed shape in a parallel fashion as opposed to a serial fashion as the beam is scanned (this is the worst case Here, R is the membrane window radius (the distance to the silicon support heat reservoir) and r=r o at the edge of the beam. Using I=500 pA, κ SiN =30W/mK,t SiN =100 nm, t HSQ =200 nm, ρ HSQ 2.2 g/cm 3 (value for SiO 2 , worst case scenario), and ρ SiN = 3.29 g/cm 3 , R/r o = 100 (i.e. 1 micron exposed area and 1 cm membrane), ΔT is significantly less than 1 degree. 
